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INTRODUCTION
Cholecystokinin and muscarinic cholinergic agents catuse loss of exchangeable cellular calcium from Received for publicationi 8 Mfarch 1976 and in revised form 12 July 1976. whole pancreas (1), panereatic fragments (2) (3) (4) , and dispersed pancreatic acinar cells (5, 6) . In previous sttudies (5, 6) , we have shown that the loss of 45Ca from dispersed pancreatic acinar cells caused by cholecvstokinin or carbamvlcholine results from the secretagogue producing a four-to fivefold increase in 45Ca outflux. Coincident with this stimulation of 45Ca outflux, there is a 10-fold increase in cellular cyclic GCIP (6) but no change in cellular cyclic AMP (7, 8) . The ability of cholecvstokinin and cholinergic ageints to stimulate the loss of exchangeable cell calcium has led some (1, 3, 4, 9) to propose that secretagogues effect release of intracellular stored calcium and increase free cytoplasmic calcium. To 20, 204) , hexapeptide (SQ 20, 294) , and desulfated octapeptide (SQ 19, 265) .
Animals fasted overnight were killed by a blow to the head.
The pancreas was dissected free from fat and mesentery and dispersed acinar cells were prepared by the technique of Amsterdam and Jamieson (10) (11) (12) , with the minor modifications published previously (5) (6) (7) . After (Table I) . Membrane-bound 45Ca in dispersed pancreatic acinar cells was determined by incubating cells exactly as for determination of total uptake of 45Ca. At appropriate times, triplicate 100-A,l samples were added to 10 ml of iced hypotonic lysing solution composed of 10 mM EDTA (pH 7.4).2 The mixture was immediately poured over a Millipore filter (RAWP 1.2 ,um) and the membranes retained on the filter were washed twice with 10 ml of iced lysing solution. The filters were then added to liquid scintillation fluid to determine radioactivity. 45Ca trapped between membranes or adhering to the filter was determined by measuring bound 45Ca in cells incubated with 0.5 mM 45Ca plus 5 mM EDTA. All results were corrected for this background value. Free 45Ca was calculated as the difference between total cellular 45Ca and membranebound 45Ca.
The amount of 45Ca taken up by pancreatic acinar cells as well as the amount membrane-bound was calculated from net cellular radioactivity, the specific activity of 45Ca in the incubation solution, and the cell concentration. Liquid scintillation counting was performed with a Packard model 3320 liquid scintillation counter (Packard Instrument Co., Inc., Downers Grove, Ill.). Liquid scintillation solution was composed of 15 parts toluene (J. T. Baker Chemical Co., Phillipsburg, N. J.), 5 parts Triton X-100 (New England Nuclear Corp.), and 1 part Liquifluor (New England Nuclear Corp.).
To examine the extent to which treating cells with 10 mM EDTA disrupted subeellular organelles,3 dispersed pancreatic acinar cells were homogenized in 12 ml of iced (4°C) 0.3 M sucrose, pH 5.5, by 20 strokes of a Teflon-glass homogenizer 2 EDTA was added to chelate unbound 45Ca and prevent its adsorbing to or associating with various cellular constituents after disruption of the cell.
3Adherence of native amylase and native DNA to the Millipore filter prevented us from assaying the material retained on the filter for the presence of intact nuclei and zymogen granules. driven by a motor at 2,700 rpm. An equal vc added to 12 ml of iced 10 mM EDTA, pH' was centrifuged at 150 g for 10 min to nl,q,m.q mPmhraneq-and intacJt cells (14) . Tho
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As reported previously (5), cellular uptake of 45Ca by dispersed pancreatic acinar cells was moderately rapid and appeared to reach a steady state by 60 min (Fig. 1) removed and centrifuged at 1,000 g for 10 min to sediment zymogen granules (14) . The supematant was again removed and centrifuged at 9,000 g for 10 min to sediment mitochondria (14) . Each pellet, as well as an aliquot of the original mixtures, was diluted appropriately in 2% (wt/vol) sodium dodecyl sulfate and assayed for DNA by the method of Kissane and Robins (15), for amylase with blue starch polymer by method of Ceska et al. (16, 17) , and for succinic dehydrogenase by the method of Pennington (18 (19) . Others (20) have found that hypotonic solutions rupture the outer mitochondrial membrane, leaving the inner membrane plus matrix intact. (Fig. 3) . Carbamylcholine (0.5 mM) produced changes in membrane-bound and free 45Ca identical to those produced by CCK-OP (results not shown. In contrast to its ability to decrease transiently total cellular 45Ca in cells preloaded with the tracer, CCK-OP did not alter total cellular uptake of 45Ca in cells preincubated for 60 min with 0.5 mM calcium and then incubated with 45Ca plus CCK-OP (Fig. 4) . Results similar to those given in Fig. 4 (Fig. 4) . As we observed in cells preloaded with the tracer, free cellular 45Ca did not change during the initial 30 min of incubation with CCK-OP but then increased to values two to three times greater than control by 60 min (Fig. 4) .
As reported previously (5, 6), in cells preincubated for 60 min at 370 with 0.5 mM 45Ca and then incubated with 5 mM EDTA, adding CCK-OP significantly increased the rate of loss of total cellular 45Ca (Fig. 5) brane-bound 45Ca from pancreatic acinar cells, while the COOH-terminal hexapeptide (CCK-HEXA) was 50,000 times less potent than CCK-OP (Fig. 7) . Removing the sulfate from the tyrosine moiety of CCK-OP (CCK-deSO4) produced a 1,000-fold reduction in the potency with which the peptide incerased release of membrane-bound 45Ca. (Table III) . That is, CCK-OP and carbamylcholine but not atropine increased the loss of membrane-bound 45Ca. The increase produced by maximal concentrations of CCK-OP plus carbamylcholine was the same as that produced by a maximal concentration of either agent alone. Atropine did not alter the effect of CCK-OP but abolished the stimulation produced by carbamylcholine. In cells preloaded with 0.5 mM 45Ca and then incubated with 1 mM carbamylcholine, membranebound 45Ca decreased by 40% after 5 min and remained constant for the duration of the 25-min incubation (Fig. 8) . When 1 mM atropine (enough to abolish the effect of carbamylcholine) was added 5 min after carbamylcholine, membrane-bound 45Ca increased toward control values during the subsequent 20 min of incubation.
In cells preincubated with 45Ca and then incubated with CCK-OP, membrane-bound 45Ca decreased by 40% within 5-10 min and then remained constant for the duration of the incubation (Fig. 9) . In cells incubated for 25 min with CCK-OP, adding 5 mM EDTA produced a further decrease in membranebound 45Ca and this decrease was more rapid than in cells incubated with EDTA alone (Fig. 9) . In cells incubated for 25 min with EDTA, adding CCK-OP significantly accelerated the rate of loss of membrane-bound 45Ca (Fig. 9) . Furthermore, the rate of (Fig. 9) .
CCK-OP did not alter uptake of membrane-bound 45Ca during the initial 30 min of incubation (Fig. 4) , but in acinar cells preincubated with the tracer for 60 min, the peptide produced a prompt 40%o decrease in membrane-bound 45Ca (Figs. 3,9 ). To explore this apparent discrepancy, cells were preincubated with 45Ca and at different times the decrease in membrane-bound 45Ca was determined during a 5-min incubation with CCK-OP (Fig. 10) . After 5 min of preincubation, CCK-OP decreased membrane-bound 45Ca by 20o. As the time of preincubation increased, the percent of bound 45Ca released by CCK-OP increased, so that by 35 It seemed possible that the 45Ca retained on the filter might not represent radioactivit'y bound to meml-branies but instead 4'5Ca se(questered (in a "free" form) in intact cellular organ-elles. We founid that treatiing acinar cells with iced 10 mM EDTA disrupted nuclei and zymogen granules; therefore, the 45Ca retained Onl the filter canniot represent radioactivity sequestere(d within these organelles. The hypotonic EDTA solution did not appear to disrupt the inner mitochoindrial membrane which is capable of transporting calcium and causing considerable accumulation of the cation in the mitochondrial matrix (23) (24) (25) (26) (27) . Although the free calcium concentration in the mitochondrial matrix has not been determined, most of this calcium is thought to be bound (26) .
We should point out that we are not certain that we have detected all of the cellular 45Ca that is, in fact, membrane-bound. It is possible that some of the bound 45Ca dissociated during the 20 s required for lysing, filtration, and washing, or that our lysing procedure produced membrane "fragments" to which 45Ca was bound but which were sufficiently small that they passed through the Millipore filter. On the other hand, during lysing and filtration some of the free cellular 45Ca (either in the cell cytoplasm or in cellular organelles) may associate with membranes and be measured as bound 45Ca (28) . Even with these limitations, however, the loss of 45Ca from pancreatic acinar cells caused by cholecystokinin or cholinergic agents can be accounted for by a decrease in what we measure as membrane-bound 45Ca.
We should aLlso point out that we do not know the cellular structures to which 45Ca is bounld. Clemente a(I Nleldolesi (28) have found that in homiiogeniates of intact guinlea pig pancreas, the distribution of tisstse calciumiii is: zym ogen granutiles, 35%; zyvimogenl granule membranes, 6%; plasmia meml)ranes, 5%; iuiitochondclria, 6%; imiicrosomiies, 19%. In a subsequent studx (22) 45 Ca during lvsis aind filtration wvill result not onlv in underestimation of the fraction of total cellular 45Ca that is membrane-bound but also in overestimation of the fraction that is free. 4 Wlhat ve have calculated as "free cellular 45Ca" should not be interpreted to mean "cytoplasmic 45Ca", siince our techni(ue does not distinguish between radlioactivity free in the cytoplasm and free but localized to anatomiically defined cellular comppartments sutcl as mitochondria, nuclei, or zymlogen granules. XVhat we have termed free cellular 45Ca should also not be interpreted to mean "ionized 45Ca" siniee our techniqlue does not distinguish between ioniized 45Ca and free 45Ca complexed to nucleotides, proteins, etc. (29) (30) (31) . In the relatively few cell types studied, ionized calcium has been found to be on the order of 0.1% of the total cellular calcium (29) (30) (31) (32) Gardtner is present in axoplasm in an un-ionized form presumably complexed to nucleotides and proteins, while approximately 0.01% of the cellular calcium is ionized in the cytoplasm (29) .
One hypothesis proposed to explain the role of calcium in the action of cholecystokinin and cholinergic agents on pancreatic exocrine function is similar to "stimulus-secretion coupling" originally proposed to account for release of catecholamines from adrenal medulla (33) . This interpretation proposes that the secretagogue initiates influx of calcium, which then by some unknown sequence of events causes enzyme secretion. This hypothesis is based primarily on the observation that stimulation of pancreatic enzvme secretion by cholecystokinin or cholinergic agents is inhibited when calcium is removed from the incubation medium (4, (34) (35) (36) (37) (38) (39) . Furthermore, the divalent cation ionophore A23187 increases cellular calcium content and stimulates enzyme secretion in pancreatic fragments, and ionophore-stimulated secretion is abolished in a calcium-free medium (40) (41) (42) . Finally, Heisler and Grondin (43) reported that carbamylcholine increased uptake of 45Ca in fragments of rat pancreas, while Kondo and Schulz (21) found that cholecystokinin and carbamylcholine increased uptake of 45Ca by dispersed acinar cells prepared from rat pancreas. The basis for the discrepancy between these observations and the findings by us (5, 6 ) and others (1-4) that CCK-OP and cholinergic agents either do not alter or slightly decrease cellular uptake of 45Ca is presently unclear.
A number of observations are not consistent with the proposal that secretagogues stimulate pancreatic enzyme secretion by causing calcium influx. Bethanechol-stimulated pancreatic enzyme secretion can occur in a calcium-free medium (4). Cholecystokinin and cholinergic agents have been found not to alter calcium influx but to increase calcium outflux significantly in intact pancreas (1), pancreatic fragments (2-4), and dispersed pancreatic acinar cells (5, 6) . Furthermore, cholecystokinin and cholinergic agents increase cellular cyclic GMP in dispersed pancreatic acinar cells, and the magnitude of the increase is independent of the concentration of extracellular calcium (6). A23187 not only increases uptake of 45Ca in pancreatic acinar cells but also stimulates 45Ca oufflux and increases cellular cyclic GMP (6) . lonophore stimulation of 45Ca outflux as well as the increase in cellular cyclic GMP can occur in a calciumfree EGTA-containing medium (6) . These findings indicate that one of the early steps in the action ofcholecystokinin and cholinergic agents on pancreatic acinar cells is to cause release of exchangeable cellular calcium. On the basis of these findings, some investigators (1, 3, 4, 9) have proposed that secretagogues cause release of intracellular stored calcium and by so doing increase free cytoplasmic calcium. None of these studies, however, has included measurements of stored calcium or free cytoplasmic calcium.
Since we do not know the cellular structures to which 45Ca is bound, we cannot state whether the loss of membrane-bound radioactivity caused by CCK-OP represents release of stored intracellular 45Ca, as has been suggested by others (1, 3, 4, 9) . It is possible, for example, that CCK-OP and cholinergic agents cause release of 45Ca bound to the plasma membrane of the pancreatic acinar cell. In cells preloaded with the tracer, CCK-OP did increase free cellular 45Ca; however, this increase could not be detected until 30 min after the peptide was added. Since in aciinar cells, CCK-OP causes release of membrane-bound 45Ca, an increase in cellular cyclic GMIP and stimulation of enzyme secretion (5, 6) within minutes (during which time free cellular 45Ca does not change), this effect of CCK-OP on free cellular 45CA cannot account for the increase in cellular cyclic nucleotide or enzyme secretion and is probablv secondal-y to an effect of the peptide on some other aspect of cellular 45Ca transport.
After CCK-OP is added to acinar cells preloaded with 45Ca, total cellular radioactivity decreases by 40%Yo after 5 min and then steadily increases to control values by 60 min. Previously (5), we found that after total cellular 45Ca had returned to control values, a second addition of CCK-OP did not alter total cellular 45Ca, and concluded that calcium outflux in pancreatic acinar cells becomes refractorv to stimulation by CCK-OP. The present results indicate that this conclusion was incorrect, and that what we previously termed "refractoriness" results from a persistent effect of CCK-OP coupled with a redistribution of cellular 45Ca. That is, after adding CCK-OP to acinar cells preloaded with 45Ca, membrane-bound radioactivitv decreased rapidl vwithin the first 5-10 min and remained constant for the duration of the incubation. Free 45Ca did not change during the first 30 min after the peptide was added but then steadily increased so that after 60 min of incubation, free cellular 45Ca was approximately three times that in control cells. Thus, after CCK-OP (or carbamylcholine) was added, the initial decrease in total cellular 45Ca is attributable to a decrease in membrane-bound 45Ca. The subseuqent return of total cellular 45Ca to control values reflects accumulation of free 45Ca.
The good agreement between the present experiments and identical studies of release of total cellular 45Ca reported previouslv (5) is additional evidence indicating that the initial loss of total cellular 45Ca produced by CCK-OP or carbamylcholine reflects the action of these agents on membranebound 45Ca. The dose-response curves for stimulation, of release of membrane-bound 45Ca bv COOHMembrane-Bound Calcium in Panicreatic Acinar Cells terminal octapeptide, hepapeptide, hexapeptide, and desulfated octapeptide of cholecystokinin, as well as by carbamylcholine (Fig. 7) are the same as those for increasing outflux to total cellular 45Ca by these same agents (5, 6) . Atropine, which alone does not alter release of membrane-bound 45Ca, abolished the loss of membrane-bound 45Ca produced by carbamylcholine but not that produced by CCK-OP. Similar effects have been reported with outflux of total cellular 45Ca (5) . Atropine was also able to reverse the decrease in membrane-bound 45Ca produced by carbamylcholine, indicating that carbamylcholine (and presumably, CCK-OP as well) does not produce an irreversible loss of membrane-bound 45Ca.
In acinar cells preloaded with 45Ca and then incubated with EDTA the loss of membrane-bound radioactivity could be described by the sum of two exponentials. These restults are compatible with there being two distinct compartments: a relatively small compartment (30% of the total cellular 45Ca) having a high outflux coefficient and a relatively large compartment (70% of total cellular 45Ca) having a low outflux coefficient. The loss of bound 45Ca during incubation with EDTA plus CCK-OP required three exponentials to fit the data. These results indicate that in pancreatic acinar cells, membrane-bound exchangeable calcium exists in several functionally distinct compartments, each of whose kinetic characteristics is altered by CCK-OP. From the present studies, however, we cannot specify which, if any, of these alterations represent the primary effect of the peptide.
To explore further the relation between the 45Ca lost when preloaded cells were incubated with EDTA and that lost during incubation with CCK-OP, one of these two agents was added 25 imin after the other. The loss of membrane-bound 45Ca with CCK-OP plus EDTA was the sacme in cells previously ineubated for 25 min with EDTA as in cells previously incubated for 25 min with CCK-OP. These results indicate that after CCK-OP was added, the compartment that loses membrane-bound 45Ca rapidly was not affected by EDTA and the membrane-bound 45Ca lost with CCK-OP was from compartments other than that which decreases rapidly with EDTA.
The time-course of the effect of CCK-OP on uptake of membrane-bound 45Ca differed from its effect in cells preloaded with the tracer. After CCK-OP was added to preloaded cells, membrane-bound 45Ca decreased and reached a constant minimum value by 5 min, but in the uptake studies membrane-bound 45Ca did not decrease uintil after 30 min of incubation. We also found that the fraction of membrane-bound 45Ca which could be released by CCK 
